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CROP ROTATION AND TILLAGE EFFECTS ON 
ORGANIC CARBON SEQUESTRATION IN 

'rHE SEMIARID SOUTHERN GREAT PLAINS 

K. N. Potter1
, O. R. Jones2,H. A. Torbert!, and P. W. Unge~ 

Limited information is available regarding soil organic carbon (SOC) 
distribution and the total amounts that occur in dryland cropping situa­
tions in semiarid regions. We determined crop rotation, tillage, and fer­
tilizer effects on· SOC distribution and mass in the semiarid southern 
Great Plains. A cropping system study was conducted for 10-years at 
Bushland, TX, to compare no-till and stubblelTlUlch management on four 
dryland cropping systems: continuous wheat (CW) (Triticum aestivum L.); 
continuous grain sorghum (CS) (Sorghum bicolor [L.] Moench.); wheat/fal­
low/sorghum/fallow (WSF); and wheat/fallow (WF). Fertilizer (45 kg N 
ha-1

) was added at crop planting to main plots. Subplots within each 
tillage and cropping treatment combination received no fertilizer. Ten 
years after treatment initiation, soil cores were taken incrementally to a 
65-cm depth and subdivided for bulk density and SOC determination. 
The no-till treatments resulted in significant differences in SOC distrib­
ution in the soil profile compared with stubblemulch tillage in all four 
crop rotations, although differences were largest in the continuous crop­
ping systems. Continuous wheat averaged 1.71% SOC in the surface 2 cm 
of soil compared with 1.02% SOC with stubblemulch tillage. Continuous 
sorghum averaged 1.54% SOC in the surface 2 crn of soil in no-till com­
pared with 0.97% SOC with stubblemulch tillage. Total SOC content in 
the surface 20 cm was increased 5.6 t C ha-1 in the CW no-till treatment 
and 2.8 t C ha-1 in the CS no-till treatment compared with the stub­
blemulch treatment. Differences were not significantly different between 
tillage treatments in the WF and WSF systems. No-till management with 
continuous crops sequestered carbon in comparison to stubblemulch 
management on the southern Great Plains. Fallow limits carbon accu­
mulation. 

C ONSERVATION tillage effects on soil organic SOC and plant nutrients changed with no-till 
carbon (SOC) distribution have been well management. No-till resulted in increased SOC 

documented although most of the studies have concentration near the surface even when com­
been conducted in humid or subhumid regions paring no-till with stubblemulch tillage, which 
(Dick 1983; Blevins et al. 1983; Eghball et al. does not invert the soil. Nitrogen and phosphorus 
1994). Comparisons have often been made be­ concentrations near the surface are increased with 
tween no-tillage and some form of plowing with no-till management (Potter and Chichester 
continuous cropping. Information is limited re­ 1993). 
garding changes in SOC distribution for a dry­ Total organic carbon mass in soils in semiarid 
land cropping system that includes fallow in regions with different management practices is 
semiarid regions. Unger (1991) and Christensen not well documented. Recent investigations of 
et al. (1994) demonstrated that distribution of carbon sequestration (using soils as a storehouse 

for atmospheric carbon) question whether total 
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Fig. 1. Tillage and fertilizer treatment effects on organic carbon concentration profiles for Pullman clay loam at Bush­
land, TX, for continuous sorghum and continuous wheat (one crop each year). Error bars represent ± one stan­
dard deviation. 

that similar SOC concentration information may METHODS 
not mean similar total SOC mass in the soil pro­

Site and Treatment InformationfIle. 
Our objectives were to determine crop rota­ Crop rotation and tillage trials have been 

tion, tillage, and fertilization effects on soil or­ conducted for 10 years near Bushland, TX, on a 
ganic carbon distribution and mass with li,mited Pullman clay loam (fine, mixed, thermic Torrertic 
carbon inputs in the semiarid southern Great Paleustoll). Sand, silt, and clay contents for the soil 
Plains. surface averaged 21.8%, 50.0%, and 28.2%, re­
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Fig. 2. Tillage and fertilizer treatment effects on organic carbon concentration profiles for the 
wheatlfa!low/sorghumlfallow crop rotation (two crops in 3 years). Error bars represent ± one standard deviation. 
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Fig. 3. Tillage and fertilizer treatment effects on organic carbon concentration profiles for the wheat/fallow crop ro­
tation (one crop in 2 years). Error bars represent ± one standard deviation. 
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spectively. Mean arumal rainfall at BusWand is 473 
nun, and mean annual temperature is 14°C. Av­
erage O.S-year (April through September) evapo­
ration from a 1.2-m class A pan is 1770 nun. The 
frost-free growing season is 181 days and msl el­
evation is 1170 m. 

Four crop rotations were evaluated in the 
study: continuous wheat (CW), continuous grain 
sorghum (CS), wheat/fallow (WF) (one crop 
every 2 years), and wheatlfallow/sorghum:lfallow 
(WSF) (2 crops every 3 years). Set: Jones and 
Popham (1997) for more discussion of these crop 

rotations. All crop phases for each rotation were 
in place each year. Two tillage treatments were 
evaluated: stubblemulch tillage (Conv), and no­
tillage with chemical weed control (No-till). Fer­
tilizer treatments were (i) fertilized (45 kg N ha-1 

at crop planting) and (ii) no-fertilizer applied. 
The study was designed as a randomized 

complete block, with tillage and crop rotation as 
the main blocks and fertilizer rate as a split plot 
treatment with three "replications. Main plots 
were 9 m wide and 160 m long, and unfertilized 
subplots were 9 m wide and 15 m long. Othel' 
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TABLE 1 to estimate the total plot aboveground biomass 
3Mean bulk density (Mg m- ) for the Pullman clay loam from the combine grain yield.
 

for two tillage systems and four crop rotations
 In March 1994, one soil core was taken from 
Tillage merhod each plot to a depth of20 cm for organic carbon 

Deprh (em) 
Srubblemulch No-till	 determination. An additional sample (one core 

plot-1) was taken in May 1994 to a depth of 65Coltli"uol<s Sorghum 

0-4 1.43:!:0.19t 1.50 :!: 0.21 cm for bulk density determination by the core 
4 - 10 1.47:!:0.12 LSI:!: 0.09 method (Blake and Hartge 1986). Soil from the 

10 - 20 1.56 :!: 0.11 1.53 :!: 0.08 bulk density samples in depth increments below 
20 - 35 1.66 :!: 0.08 1.65 :!: 0.04 20 cm were also analyzed for organic carbon 
35 - 50 1.70:!: 0.04 1.66 :!: 0.04 content. SOC sampling from wheat plots oc­
50 - 65 1.78:!: 0.08 1.72 :!: 0.04 curred during the wheat growing season for the 

Conti,,"ous l.vheat continuous wheat, wheatlfallow, and wheatlfal­
0-4 1.38:!: 0.22	 LSI:!: 0.13 low/sorghumlfallow rotations. For other phases
4 - 10 1.31:!:0.11	 1.56 :!: 0.15 

of the wheatlfallow/sorghumlfallow rotation,10 - 20 1.45:!: 0.11 1.39 :!: 0.09 
SOC sampling occurred during the fallow after 20 - 35 1.60:!:0.12 1.52 :!: 0.11 

35 - SO 1.65 :!: 0.05 1.64 :!: 0.07 wheat (referred to as the fallow phase of the WSF 
SO - 65 1.71 :!: 0.03 1.68 :!: 0.03 rotation) and fallow after sorghum (referred to as 

WheatlFallow the sorghum phase of the WSF rotation). Soil 
0-4 1.60 :!: 0.16 1.60 :!: 0.20 cores were subdivided for SOC and bulk density 
4 - 10 1.27 :!: 0.09 1.64 :!: 0.20 determinations. Sample increments for the near 

10 - 20 1.48:!:0.11 1.46:!:0.19 surface SOC determinations (March 1994 sam­
20 - 35 1.66 :!: 0.07 1.57 :!: 0.1 0 pling) were 0-2,2-4,4-7,7-10, 10-15, and 
35 - 50 1.69 :!: 0.04 1.65 :!: 0.09 • 15-20 cm. Increments for the bulk density sam­
SO - 65 1.71 :!: 0.09 1.72 :!: 0.07 

ples (May 1994 sampling) were 0-4,4-10,10-20,
Wheat IFallowlSorghum IFallow 

20-35,35-50, and 50-65 cm.0-4 1.46:!: 0.15 1.41 :!: 0.18
 
4 - 10 1.34 :!: 0.14 1.56 :!: 0.16
 

Sample Analysis and Statistical Tests10 - 20 1.45:!: 0.10 1.45 :!: 0.10 
20 - 35 1.64 :!: 0.08 1.61 :!: 0.06 Soil samples were analyzed for soil organic 
35 - 50 1.64 :!: 0.09 1.67 :!: 0.06 carbon with a Leco CR12 Carbon Determinator 
SO - 65 1.75 :!: 0.07 1.70 :!: 0.06 (LECO Corp., Augusta, GA) using the combus­
tMean :!: standard deviation, n = 3. tion method of Chichester and Chaison (1992). 

Total organic carbon was integrated over selected 
sampling depths within a plot. Data were ana­
lyzed with analysis of variance. Protected least 

management information has been presented in significant difference ,tests were used to separate 
jones and Popham (1997). Aboveground biomass means at a significance level of P < 0.10. 
and yield component data were obtained from 
two 2-m2-hand harvested samples taken from RESULTS AND DISCUSSION 
each plot at harvest. Grain yields were obtained 

SOC Concentrationby combine harvesting the entire plot. Harvest 
index was calculated from the hand-harvest yield Soil organic carbon concentration profiles for 
and aboveground biomass samples and was used the crop rotations, tillage systems and fertilizer 

TABLE 2
 

Analysis of variance of tillage and fertilization effects on the total organic carbon
 

content (0 to 20 cm) of a Pullman clay loam four crop rotations
 

----- ­ W IF t ----- ­ --------- ­ W IS IF --------- ­
CW CS W F W S F 
---------------------------------- ­ P > F 

Till 0.002 0.07 0.41 0.17 0.22 0.11 0.11 
Fert 0.28 0.91 0.44 0.94 0.54 0.56 0.49 
TxF 0.86 0.69 0.36 0.88 0.41 0.83 0.75 

tRotation and crop phases are labeled as Whe.t/FaUow rw IF), Wheat/Fillow/Sorghum/FalJow rw IS/F), Continuous 

Wheat (CW), and Continuous Sorghum (CS). 
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TABLE 3
 

Mean total soil organic carbon mass in the surface
 
(0 to 20 em) of a Pullman day loam soil as
 

influenced by rotation and crop phase
 

Rotation-crep Stubblemulch No-till 
-- ­ t C h.- 1 20 cm­ 1 --­

CS-Sorghum 27.8at 30.6b 
CW-Wheat 27.0a 32.6b 

W/S/F-Fallow 27.0a 30.6a 
W /S/F-Sorghum 26.8. 29.0. 

W /S/F-Wheat 26.6a 29.8a 
W/F-Fallow 26.6a 28.6a 
W/F-Wheat 25.4a 28.2a 

tvalues within a row followed by different letters are sig­
nificantly different at the P=0.10 l~vel. 

treatments are shown in Figs. 1 to 3. Differences 
in SOC concentration between tillage sy'stems 
were generally limited to the surface 7 cm. No­
till had a greater SOC concentration at the sur­
face than did stubblemulch tillage, but SOC 
quickly decreased with depth. Below 7 cm, sig­
nificant differences between tillage treatments 
were not observed. The greatest increase in sur­
face SOC with no-till occurred with the contin­
uous cropping systems. Continuous wheat aver­
aged 1.71% in the surface 2 cm of soil compared 
with 1.02% with stubblemulch tillage. Continu­
ous sorghum averaged 1.54% SOC in no-till 
compared with 0.97% SOC with stubblemulch 
tillage. Inclusion offallow in the crop rotation re­
sulted in lower SOC concentrations at the surface 
than occurred with continuous cropping. Fertil­
ization did not affect the SOC concentration sig­
nificantly. These results agree closely with those 
of Unger (1991), but his results were limited to 
the WSF crop rotation after sorghum harvest. 
Other researchers have also reported that man­
agement effects on soil carbon concentration are 
generally limited to the near surface horizons 
(Havlin et al. 1990; Dick 1983). 

Bulk Density 

Bulk density values were lowest near the sur­
face and increased in value with depth (Table 1). 

Tillage treatments had little effect on bulk density 
at the time of measurement except that stub­
blemulch tillage resulted in lower mean bulk den­
sity values in the 4 to 10-cm depth increments 
compared with no-till in the CW and WF crop 
rotations. 

SOC Content and Accumulation 

Calculations of total SOC content were made 
only for the surface 20 cm because total SOC 
content calculations are dependerit on the con­
centration of SOC and soil bulk density. Differ­
ences in both bulk density and SOC concentra­
tion below 20 cm were small. Tillage resulted in 
significant differences in total SOC content in 
the surface 20 cm with continuous cropping 
(Table 2). Rotation crop phase had an effect in 
the WSF rotation as the sorghum and fallow 
phases had a trend toward increased SOC with 
no-till, but the wheat phase did not. Tillage was 
not a signifIcant variable in the WF crop rotation. 
Fertilization had no effect on total SOC content 
(Table 2). Tillage by fertilizer treatment interac­
tion was not signifICant. 

Because fertilization was not a signifIcant 
variable, total SOC content was summed over 
fertilizer treatments (Table 3).Total SOC content 
in stubblemulch tillage plots was not signifIcantly 
different among rotations and averaged 26.6 t C 
ha-1 in the surface 20-cm. No-till always resulted 
in greater SOC content compared with stub­
blemulch tillage within a rotation, although the 
differences were statistically signifIcant only in the 
continuous cropping systems. With no-till, CW 
resulted in significantly greater SOC content 
than the WSF and WF rotations, and CS resulted 
in a signifIcantly greater SOC content than the 
WF system. 

Differences in SOC accumulation between 
tillage systems have been explained as resulting 
from different amounts of breakup of crop 
residues and mixing with soil. The resulting ex­
posure of residues to water and oxygen resulted 
in more rapid microbial decomposition of 
residues (Doran and Smith 1987). 

TABLE 4 

J\1ean annualized aboveground biomass remaining after harvest 

CS CW WF WSF 
t ha -1 yr- I 

Stubblemulch 4.5 :t O.2t 2.2:t 0.2 1.8 :t 0.1 2.5 :t 0.9 
No-till 4.2 :t 0.2 2.8 :t 0.1 1.9 :!: 0.1 3.1 :t 0.5 

tMean :!: standard deviation, n=3. 
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Soil organic carbon accumulation is also af­
fected by the amount of crop residue returned 
to the soil and by differences in the quality of 
the residues being returned. Several studies have 
related SOC to the amount of residue returned 
to the soil (Havlin et al. 1990; Larson et al. 
1972). In our study, grain sorghum resulted in 
larger amounts of aboveground biomass being 
returned to the soil than did the rotations that 
included only wheat (Table 4). The WF and 
WSF rotations produced more biomass on a per 
crop basis than the continuous cropping systems, 
but when the fallow period is included, mean 
annual biomass inputs are reduced compared 
with continuous cropping. Also, except for the 
CS rotation, no-till increased mean annual bio­
mass inputs for all rotations because of reduced 
evaporation and increased soil water storage 
Gones and Popham 1996). Despite the larger 
amounts of aboveground residue returned to 
the soil with the CS rotation, the CW rotation 
resulted in greater SOC content (Table 3). This 
result indicates that the decomposition rate of 
plant residue was slower over the long term for 
the wheat compared with the grain sorghum. 
The decomposition rate of plant residue is de­
pendent on several factors, including age, size, 
lignin content, and the C/N ratio of the residue 
(Parr and Papendick 1978; Ghidey and Alberts 
1993). Changes in the plant structure, even 
within a plant species such as wheat, have been 
shown to alter the rate of microbial decomposi­
tion (Ball 1992). Slower decomposition of wheat 
compared with grain sorghum may have been 
the result of differences in the residue nitrogen 
content. Wheat straw typically averages 0.667% 
N, and grain sorghum stover averages 1.083% N 
(Hansen 1990). The lower nitrogen content of 
the wheat residue may result in a N limitation to 
microbial decomposition resulting in slower de­
composition compared to grain sorghum. 

The rate of change in SOC content attribut­
able to no-till management was estimated by de­
termining the difference between SOC content 
values for no-till and stubblemulch tillage man­
agement systems, assuming that the rate of change 
for tilled plots is negligible and dividing by the 
number of years of continuous management. 
Similar assumptions have been used to estimate 
the effect of no-till for a range oflocations (Re­
icosky et al. 1995). Because each phase of a crop 
rotation contributes to the SOC content, mean 
SOC content values over all phases within a rota­
tion were determined for each crop rotation. 
With continuous cropping, no-till wheat resulted 
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Fig. 4. Mean organic carbon accumulation rates for no­
till for selected levels of rotation cropping intensity 
(I.e" crop years/calendar year). 

in a more rapid accumulation of SOC than no­
till sorghum. Inclusion of fallow in the crop rota­
tion, as in the WSF rotation and the WF rotation, 
reduced the average rate of carbon sequestration 
with no-till compared with the CW crop rota­
tion (Fig. 4). 

SUMMARY 

Organic carbon distribution in the sUlface 7 
cm of soil was altered 10 years of no-till manage­
ment when compared with stubblemulch man­
agement for four crop rotations on the southern 
Great Plains. Despite the change in organic car­
bon distribution, total soil organic carbon con­
tent was increased only in continuous cropping 
systems, with the greatest increase occurring with 
continuous wheat. Fallow, which is commonly 
used in this region to increase soil water storage, 
limited the sequestration of organic carbon in the 
Pullman soil. 
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